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The Effect of D2O on the Inactivation Kinetics and Recovery from Slow
Inactivation of Shaker-IR KD Channels
Tibor G. Szanto, Orsolya Szilagyi, Gyorgy Panyi.
Dept. of Biophysics and Cell Biology, University of Debrecen, Debrecen,
Hungary.
In the absence of N-type inactivation Shaker potassium channels display slow
(C-type) inactivation which is stabilized by a multipoint hydrogen-bond
network behind at the selectivity filter in eukaryotic KV channels. The selec-
tivity filter is sterically locked in the inactive conformation by buried water
molecules which prevent recovery from inactivation. To further test the crit-
ical role of these ,,structural water’’ molecules in the conformational stability
of the selectivity filter we studied the effects of substituting water for heavy
water (deuterium oxide, D2O in the solutions) on various gating transitions
in Shaker-IR channels having the following mutations and allowing slow
inactivation at various rates: T449A, T449A/I470A and T449K/I470C. All
channels were transiently expressed in tsA_201 cells and ionic currents
were recorded in excised inside-out patches. 2.0-s-long depolarizing pulses
from a holding potential of 120 mV to þ50 mV were applied to measure
the current through the channels. The extracellular application of D2O
dramatically slowed entry into the inactivated state, the inactivation time
constats were ti,D2O ¼ 189548 ms (n¼5) (T449A, ti,H2O ¼ 72513
(n¼5)), ti,D2O ¼ 418563 ms (n¼4) (T449A/I470A, ti,H2O ¼ 247590
(n¼5)), ti,D2O ¼ 60521 ms (n¼6) (T449K/I470C, ti,H2O ¼ 31515 ms
(n¼10)), respectively. In contrast, applying D2O from the intracellular side
did not change the inactivation kinetics. The kinetics of recovery from slow
inactivation was also slowed down in the D2O environment. Our macroscopic
current measurements confirm that water molecules may have access to the
region behind the selctivity filter only from the external solution and the bind-
ing of these ‘hidden’ molecules slows the development of inactivation and
that of the recovery process.
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Non-Canonical Start Codons Reinitiate Translation in N-Terminal
Truncated Kv Channels
Tanja Kalstrup, Rikard Blunck.
University of Montreal, Montreal, QC, Canada.
Genetic incorporation of unnatural amino acids (UAA) is a powerful tool to
investigate protein structure and function. Through nonsense suppression of
stop codons, UAAs are incorporated into proteins using chemically charged
tRNAs or orthogonal tRNA/tRNA synthetase (tRNA/RS) pairs. Previously,
we successfully incorporated a fluorescent UAA into the voltage gated-
potassium (Kv) channel. The nonsense stop codons were located either central
or C-terminal, and no leak expression was detected in the absence of the
UAA, reflecting orthogonality of the tRNA/RS pair used. Here, we show
that when stop codons are introduced in the near N-terminal region of the
same Kv channel, a considerable amount of leak expression results from trans-
lation reinitiation. Since reinitiation only can occur when the distance between
the first methionine and the inserted stop codon is short, it explains the
position-dependent leak expression. We demonstrate that reinitiation occurs
at several non-canonical (non-AUG) start codons, and leak expression was
decreased from 25% to less than 1% through silent mutations of start codons.
When using UAAs, it is crucial to have control of the protein translation pro-
cess in order to get reliable results, and we emphasize that caution should be
taken when UAAs are incorporated in the N-terminal region of any protein.
This is particularly important if the N-terminal has a functional role where
truncation generates a modulated phenotype which could be wrongly inter-
preted to be caused by the inserted UAA. To avoid reinitiation-mediated
leak expression, we therefore recommend removing both canonical and
non-canonical start codons.
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Activation Gate Region Influences Stoichiometry of Heteromeric Shaker
Family Channels
Aditya Pisupati1, William J. Horton1, Keith Mickolajczyk2, Xiaofan Li1,
Jose Chu1, William O. Hancock2, Timothy Jegla1.
1Biology, The Pennsylvania State University, University Park, PA, USA,
2Bioengineering, The Pennsylvania State University, University Park, PA,
USA.
Shaker family voltage-gated Kþ channel subunits can typically form func-
tional homotetrameric channels or heterotetrameric channels with closely
related subunits. Assembly is governed by cytoplasmic T1 domain contacts
that are compatible within, but not across, gene subfamilies (Shaker, Shab,
Shal and Shaw). Shaker family regulatory subunits differ in that they can
only function in heteromeric channels because of T1 self-incompatibility.Mammalian regulatory subunits (Kv6, Kv8, Kv9) are members of the Shab
family and modify the functional properties of Kv2.1 and Kv2.2. Kv2.1
and Kv9.3 form functional channels in a 3:1 stoichiometry. Using a combi-
nation of TIRF microscopy and electrophysiology, we show here that
Kv2.1subunits also exclusively form 3:1 heteromers with Kv6.4. These find-
ings raise the question of how stoichiometry is determined: it is unclear how
T1 domain compatibility rules alone could distinguish between formation of
3:1 and 2:2 heteromers. We hypothesized that the activation gate region of
the inner pore may be important in refining the stoichiometry of regulatory
subunit-containing heteromers because it forms a large contact interface be-
tween subunits. Additionally, the sequence of this region in the regulatory
subunits has drifted from the highly conserved Shab family consensus. Re-
verting the gate sequence in Kv6.4 to the Shab family consensus allowed
the formation of functional 2:2 heteromers between Kv6.4 and Kv2.1 that
could be detected by electrophysiology and TIRF microscopy. Drift of the
gate sequence consensus can be observed in all verified regulatory subunits,
including these mammalian Shab channels and evolutionarily separate regu-
latory subunit expansions in the Shaker, Shal and Shaw subfamilies in cnidar-
ians. We suggest that the evolution of T1 self-incompatibility is a key event
in the evolution of the regulatory subunit phenotype, but that drift of the acti-
vation gate interface plays an important role in fixing heteromeric channel
stoichiometry.
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Ion Permeation in Potassium Channels Involves Direct Coulomb Knock-
On between Ions
Ulrich Zachariae1, David A. Kopfer2, Chen Song3, Tim Gruene4,
George M. Sheldrick4, Bert L. de Groot2.
1University of Dundee, Dundee, United Kingdom, 2MPI for Biophysical
Chemistry, Goettingen, Germany, 3University of Oxford, Oxford, United
Kingdom, 4University of Goettingen, Goettingen, Germany.
Potassium channels are essential elements in almost all cell types. They are, at
the same time, highly selective for potassium and conduct potassium ions
across membranes with great efficiency. By analyzing more than 1,300 potas-
sium permeation events recorded in Computational Electrophysiology
(CompEl) [1] atomistic molecular dynamics simulations under physiological
voltages, we observed that Coulomb repulsion between neighboring potassium
ions in the selectivity filter is the key to high-efficiency potassium flux. This is
in contrast to previous models which assumed that alternate occupancy of the
selectivity filter binding sites with potassium and water underpins potassium
conduction. The mechanism we observed relies on the formation of ion pairs
in the selectivity filter. These ion pairs form over very broad potassium concen-
tration ranges in our simulations from 10-400 mM. Reinvestigation of crystal-
lographic data on several potassium channels showed that the crystal data are
consistent with ions occupying adjacent filter binding sites. The rate of potas-
sium throughput across the filter recorded in our simulations depends on the
rate with which incoming ions arrive at the filter. Taken together, the mecha-
nism we propose therefore explains the efficiency, diffusion control, and linear
concentration dependence of potassium ion conduction across potassium chan-
nels in a simple new model.
[1] C. Kutzner et al., Biophys. J. 101, 809-817 (2011).
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Dynamics of the KcsA Selectivity Filter Probed using Intrinsic Tyrosine
Fluorescence
H. Raghuraman, Eduardo Perozo.
Dept of Biochemistry and Molecular Biology, University of Chicago,
Chicago, IL, USA.
KcsA is activated by intracellular protons through a large conformational
change in the inner helical-bundle gate. The selectivity filter and surrounding
structures play a crucial role in ion conduction as an inactivation gate. To
monitor the conformational dynamics of the selectivity filter under various
experimental conditions we engineered a KcsA construct devoid of tryptophan
and tyrosine residues with the exception of residue Y78, locatd in the middle
of the selectivity filter. Fluorescence lifetimes indicate that the microenviron-
ment polarity of Y78-KcsA decreases upon gating, irrespective of the type of
ion (Kþ, Rbþ, NH4
þ, Csþ) present in the selectivity filter. Further, time-
resolved anisotropy measurements indicate that the dynamics associated
with the segmental mobility of the selectivity filter is significantly restricted,
and this gating-driven motional restriction is more pronounced in High Kþ
and Rbþ conditions. Red Edge Excitation Shift (REES) measurements of
Y78-KcsA show slow water relaxation dynamics under conditions that stabi-
lize conductive and non-conductive filter conformations, suggesting the pres-
ence of bound/restricted water molecules in both filter conformations.
Interestingly, opening the lower gate appears to further restrict the water
Sunday, February 8, 2015 119amolecules in the vicinity of the selectivity filter. Overall, our results show
that the conformational dynamics associated with the selectivity filters of
collapsed (Low Kþ) and open-inactivated KcsA are significantly different
despite showing essentially identical conformations as derived from crystal
structures. This highlights the importance of hydration dynamics in gating
of Kþ channels.
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Role of the S6-PxP Motif in U-Type Inactivation of Heterotetrameric
Kv2.1/Kv6.4 Channels
Jeroen I. Stas, Elke Bocksteins, Alain J. Labro, Dirk J. Snyders.
Biomedical Sciences, University of Antwerp, Antwerp, Belgium.
Voltage-gated Kþ (Kv) channels assemble as tetramers of a-subunits that
each consist of 6 trans-membrane segments (S1-S6) and cytoplasmic N-
and C-termini. The S1-S4 segments form the voltage-sensing domains while
the four S5-S6 segments form the central pore. A conserved PxP motif
within S6 provides flexibility to the bottom half of S6 and regulates channel
gating. Subunits of the Kv5-6 and Kv8-9 subfamilies - also known as silent
Kv subfamilies (KvS) - require co-assembly with Kv2 subunits to be func-
tionally expressed. KvS subunits alter the biophysical properties of these
heterotetramers compared to Kv2; e.g. Kv6.4 induces a 40 mV hyperpolariz-
ing shift in the voltage-dependence of inactivation and potentiates the U-
type inactivation. KvS subunits lack the 2nd proline of the PxP motif which
has been implicated in the Kv9.3-induced effects on Kv2.1 gating. To
test the effect on U-type inactivation we exchanged the Kv2.1 PIP and
Kv6.4 PAT sequences. The U-type inactivation of the mutant homomeric
Kv2.1(PAT) channels was strongly potentiated resulting in less than 20%
of the channels in an inactivated state above þ50 mV. In addition, the
voltage-dependence of activation and inactivation displayed hyperpolarizing
shifts of 25 mV. Conversely, Kv6.4(PIP) subunits decreased the U-type inac-
tivation of Kv2.1/Kv6.4(PIP) heterotetramers to a level intermediate be-
tween Kv2.1 homotetramers and Kv2.1/Kv6.4 heterotetramers and induced
a 10 mV hyperpolarizing shift in the voltage dependence of inactivation.
These results indicate that the absence of a full PxP motif contributes to
Kv6.4-induced potentiation of the Kv2.1 U-type inactivation U-type inacti-
vation. (Supported by FWO fellowships to JS and EB & grant FWO-
G.0449.11N to DJS).
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Voltage Dependence of BK Channels Gating Ring Motion Studied by State
Dependent FRET
Pablo Miranda1, Teresa Giraldez2, Miguel Holmgren1.
1Molecular Neurophysiology Section, National Institute of Neurological
Disorders and Stroke, National Institutes of Health, Bethesda, MD, USA,
2Biomedical Sciences, Medical School, Center for Biomedical Research of
the Canary Islands (CIBICAN), University of La Laguna (ULL), La Laguna,
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Large conductance voltage- and calcium-dependent potassium channels (BK)
open probability is regulated by changes in transmembrane voltage and intra-
cellular divalent ions (Ca2þ and Mg2þ) concentration. The gating ring,
formed by the two RCK (Regulator of Conductance of Potassium) domains
present in the C-terminal of each subunit of the tetramer, contains the diva-
lent ion binding sites. We previously have showed that large rearrangements
of the gating ring occur in a Ca2þ and voltage dependent manner. This move-
ment of the gating ring is not directly related with the opening of the channel.
It appears that a change in the voltage dependence of the open probability of
the channel does not modify the voltage dependence of the movement of the
gating ring. However, the voltage dependence of the movement of the gating
ring is shifted toward a more negative potential if we modify the voltage
dependence of the voltage sensor by co-expression of the BK alpha subunit
with the Beta1 subunit or by mutations. These results indicate that the voltage
dependent movement of the gating ring appears to be related to the voltage
dependence of the voltage sensor and not directly related with the opening
of the gate.
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Quantitative Mapping of Interactions in the Voltage-Sensor Pore Interface
of the Shaker Potassium Channel
Kevin Oelstrom, Ana Fernandez-Marin˜o, Baron Chanda.
Neuroscience, University of Wisconsin-Madison, Madison, WI, USA.
Changes in the membrane potential of an excitable cell induce movement of
voltage-sensing units within voltage-gated ion channels (VGICs). The en-
ergy associated with this movement is transmitted to the channel gate, ulti-
mately promoting its opening. Numerous proposals have been made as to
how this signal is relayed from the voltage-sensors to the channel gate,
such as side chain interactions and backbone movement; however, it hasbeen difficult to ascertain the precise molecular mechanisms underlying en-
ergy transduction. Recently, it was shown that median voltage estimates
from the charge-voltage relationship of VGICs can be used to derive the
net free energy change (DGnet) associated with their voltage-dependent acti-
vation. By combining this approach with mutant cycle analysis, it is possible
to identify residues that are energetically coupled and contribute to the acti-
vation process. Here, we have undertaken a systematic analysis of contact
pairs at the interface between the voltage-sensor and pore domains of Shaker
potassium channel in order to gain insight into how an initial signal can
propagate from one region of the channel to another and trigger the opening
of the channel gate. Our results will be discussed in the context of overall
molecular mechanism of electromechanical coupling in voltage-gated ion
channels.
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Binding of Quaternary Ammonium Ions to a Potassium Channel
Dylan O. Burdette, Adrian Gross.
Biochemistry and Molecular Biology, Rosalind Franklin University of
Medicine and Science, North Chicago, IL, USA.
We have used stopped flow spectrophotometry to measure the binding
affinities of quaternary ammonium (QA) ions to the KcsA potassium chan-
nel. KcsA is a pH sensitive channel that activates at low pH and then in-
activates rapidly. In membranes containing POPC:POPG at a 4:1 ratio,
approximately half of the channels inactivate within one second. Stopped
flow spectrophotometry allows rapid mixing of reagents and measurement
of fluorescence on a millisecond time scale. Channel activity was measured
by mixing a suspension of 100 nm proteoliposomes at neutral pH with a
thallium containing buffer at a low pH, and monitoring the flux of thallium
through open potassium channels via the quenching of a trapped fluoro-
phore. Using this method, channel inhibition was measured with several
species of QAs. Due to the hydrophobic nature of the drugs used, solubility
of the long chain QAs became a limiting factor in our measurements. We
found that binding affinity increased with alkyl-chain length from four to
eight carbon atoms. Tetrabutylammonium (TBA) was measured to have
an inhibition constant of ~120mM. The solubility limits of tetrahexylammo-
nium (THA) and tetraoctylammonium (TOA) did not permit the measure-
ment of a complete inhibition curve. At the solubility limits of THA
(2mM) and TOA (100nM) the measured inhibition was ~70% and ~30%,
respectively.
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Structure and Dynamics of the Mthk KD Channel Selectivity Filter
during Gating
David J. Posson1, Ce´line Boiteux2, Toby W. Allen2,3, Crina M. Nimigean1,4.
1Anesthesiology, Weill Cornell Medical College, New York, NY, USA,
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Potassium channel inactivation is essential for regulating the duration and fre-
quency of neuronal action potentials, yet the associated structural changes
involving the selectivity filter are not well understood. We have investigated
the influence of ionic conditions on the structure and dynamics of the MthK
Kþ channel pore using X-ray crystallography and molecular dynamics (MD)
simulations. Crystals of the MthK pore were grown in a range of [Kþ]. Elec-
tron density maps showed that as [Kþ] is lowered, ion binding to the S2 site
within the selectivity filter is eliminated without altering the conductive
conformation. In order to investigate how ion binding may influence the
behavior of the selectivity filter in the absence of crystal lattice constraints,
we performed MD simulations of the MthK pore in different ionic conditions.
We found that Kþ binding exerts a significant influence on the structural dy-
namics of the selectivity filter. With two Kþ ions bound at sites S2/S4, the
filter carbonyl groups remained directed towards the conduction pathway
with only occasional, unstable outward rotations. Binding of two water mol-
ecules behind the selectivity filter, corresponding to those observed in the
crystal structures, further stabilized the conductive carbonyl positions. In
contrast, with no Kþ ions bound, carbonyl rotations, perturbed protein inter-
actions behind the filter, and a constricted pore were observed, similar to
the collapsed low [Kþ] KcsA crystal structure. This likely non-conductive
MthK conformation is of similar energetic stability with the conductive
conformation during these simulations, which may explain why crystallization
of the conductive conformation is possible in low [Kþ]. From these results we
conclude that closure of the MthK selectivity filter is a viable gating mecha-
nism and that interactions between protein, ions, and water govern the dy-
namic behavior of the filter.
